Abstract A total of 19,166 Pn phase readings from the International Seismological Centre (ISC) and the National Earthquake Information Center (NEIC) catalogs as well as hand-picked arrivals from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center were inverted to map the velocity and anisotropy structure of the lithospheric mantle in the central and eastern United States (CEUS). Our Pn tomographic model shows a broad region of very fast velocity under the North American craton (the northern CEUS) and significant lateral variations within the rest of the CEUS. The surface locations of the major intraplate seismic zones are near the edges of high-velocity anomalies, which is consistent with the notion that stress accumulation and hence focused deformation are likely to occur at the rheological boundaries around the rigid lithospheric root. However, the ancient rifts show no clear correlation to the low-velocity anomalies in the lithospheric mantle. Our Pn anisotropic model shows a complex pattern of fast directions with an overall north-south trend in the CEUS that may reflect the preserved fabrics of the cratonic lithosphere. Nonetheless, high Pn anisotropy seems to wrap around the high-velocity blocks, which may indicate local deformation around the rigid blocks.
Introduction
The central and eastern United States (CEUS), defined as east of the Rocky Mountains, is considered tectonically stable in contrast to the active western United States (Fig. 1) . The northern part of the CEUS is dominated by the North American craton, with a cold, rigid lithosphere up to 250 km thick (Grand, 1994; Van der Lee and Nolet, 1997) . To the east and west, the craton is bordered by the orogenic belts of the Appalachians and the Rocky Mountains, respectively. Although Cenozoic crustal deformation is minimal, there are several major seismogenic zones in the CEUS (Fig. 1) : the New Madrid seismic zone (NMSZ), the east Tennessee seismic zone (ETSZ), the Charleston seismic zone (CSZ), and the New England seismic zone (NESZ). The mechanics of these intraplate earthquakes remain poorly understood. It is recognized that some seismic zones are associated with failed rifts or ancient plate boundaries within the CEUS (Fig. 1) . For example, the NMSZ is within the northern Reelfoot rift (RR), and the ETSZ is close to the East Continent rift (ECR). These ancient rifts may represent weak zones and hence are prone to earthquakes (Johnston and Kanter, 1990 ). In particular, previous studies of seismic velocity structure and heat flow have suggested that the RR is warm and weak (Al-Shukri and Mitchell, 1987; Liu and Zoback, 1997) .
However, not all of the ancient rifts are seismogenic, and their correlation may be overestimated (Schulte and Mooney, 2005) . In particular, McKenna et al. (2007) have argued against warm and weak rift zones in the NMSZ. The correlations between the seismic zones in the CEUS and the lithospheric structure have not been well established at the regional scale. Previous research on the large-scale lithospheric tomography of the CEUS mainly focused on the shear-wave velocity models by studying Sn, S, and Rayleigh waves (e.g., Grand, 1994; Alsina et al., 1996; Van der Lee and Nolet, 1997; Nolet et al., 1998; Van der Lee and Frederiksen, 2005) . The global P-wave tomographic research for this region primarily consists of teleseismic P velocity models (e.g., Bijwaard et al., 1998; Vasco and Johnson, 1998; Zhao, 2004) . These studies show significant lateral velocity variations of the lithospheric structure in the CEUS, but their correlations to the seismic zones remain unclear.
The Pn wave travels horizontally within the lithospheric mantle and is therefore an excellent source for mapping the lateral velocity variations of the lithosphere. By jointly inverting for Pn velocity and anisotropy, we will refine the structure of the lithospheric mantle in the CEUS. More importantly, we will explore the potential relationship among the Pn velocity anomalies, the ancient rifts, and the major seismic zones, attempting to understand the nature of the intraplate earthquakes and the lithospheric deformation in the CEUS.
Data and Method
Our study area of the CEUS (29°-50°N, 65°-110°W) is shown in Figure 2 . To avoid smearing edge effects in tomography, we collected data from a much broader area (20°-60°N, 55°-115°W). From the catalogs of the International Seismological Centre (ISC) and the National Earthquake Information Center (NEIC) (see the Data and Resources section), 27,190 Pn ray paths were collected following these strict criteria: (1) first arrivals with epicentral distances from 2°to 14°, (2) events shallower than 35 km, (3) events located within a 0.1°precision, (4) events recorded within a 0.1 sec precision, (5) picks within a 0.1 sec precision, (6) a minimum of six event records for each station and six station records for each event, and (7) ISC assigned residuals within 10 sec. In addition, we manually picked 776 Pn arrivals of the waveform dataset from the Incorporated Research Institutions for Seismology (IRIS) (see the Data and Resources section) to supplement the ISC and the NEIC dataset as well as to test their quality. Finally, by applying a 6 sec residual cut to the straight line fit of the travel times versus distance, 19,166 Pn-phase readings were screened out for the inversion of our models. This fit line yielded an average Pn velocity of 8:1 km=sec in the study area.
We followed the Pn tomography and anisotropy technique developed by Hearn (1996) . The Pn travel-time residual (t ij ) is described by the travel-time equation:
where a i and b j are the static delays for station i and event j, respectively, d ijk is the distance traveled by ray ij in mantle cell k, s k is the slowness in cell k, A k and B k are the anisotropy coefficients, and ϕ is the back-azimuth angle. A 0:5°× 0:5°cell size was chosen for our study area. Slowness and anisotropy values in each cell were iteratively resolved by using the LSQR algorithm (Paige and Saunders, 1982a,b) . During the inversion, Laplacian damping was used to control the smoothness of both the velocity and anisotropy models. After the inversion, our tomographic model achieved a 35.7% variance reduction from the starting model. Figure 2 shows the ray paths of all event-station pairs. Note that, except along southern coastlines of the United States and the region west of the Great Lakes, the majority of our study area is covered by a high density of ray paths, which ensures a model of robust resolution.
Tomography and Anisotropy Results
The Pn tomographic image and the checkerboard test are shown in Figure 3 was synthesized by alternating high and low velocities in 3:3°× 3:3°cells and then inverting with the same ray paths to test the reliability of our tomographic inversion. A conservative level of Gaussian noise (1.5 sec) was added during the synthetic test, which was chosen to be larger than the root mean squares of the residuals after the true inversion (1.3 sec). Even with such a high level of noise, the alternating patterns were well recovered for most areas. Figure 3a shows Pn velocity variations with respect to 8:1 km=sec. The results generally agree with the shear-wave velocity structure of the NA04 model at 110 and 150 km depths (Van der Lee and Frederiksen, 2005 ; see the Data and Resources section and Ⓔ Figs. E1 and E2 in the electronic edition of BSSA), but with more detailed variations. Both ours and the NA04 model show a very high velocity (8:2-8:3 km=sec) under the Precambrian North American craton in the northern CEUS. At the western boundary of the craton, both models display a sharp velocity change between the low-velocity Rocky Mountains and the highvelocity craton. On the eastern edge of the craton, our Pn model shows two moderately low-velocity blocks (8:0-8:1 km=sec) in southern New England and southern Pennsylvania, respectively. These relatively low anomalies have also been indicated in other tomographic studies (e.g., Levin et al., 1995; Li et al., 2003; Van der Lee and Frederiksen, 2005) . The edges of these two low anomalies seem to delineate the eastern boundary of the craton.
Along the northwestern boundary of the Mississippi embayment, our Pn tomography shows an east-west-oriented high-velocity belt (8:2-8:3 km=sec), extending from the NMSZ to the Southern Oklahoma Aulacogen (SOA) seismic zone (Fig. 3a) . This belt also appears in the NA04 model. Our Pn image shows a high-velocity anomaly (8:2-8:3 km=sec) in North and South Carolina, opposite to the NA04 model. Within the craton, our Pn model shows low velocities beneath the left leg of the Mid-Continent rift (MCR) and northern Ohio. Similar trends are shown in the NA04 model with somewhat shifted local velocity minima. Figure 4 shows our Pn anisotropic model that was obtained by simultaneously inverting for both velocity and anisotropy. The pattern of the fast directions is complex with an overall north-south trend. Some local areas with strong Pn anisotropy are also found to be associated with the margins of the high-velocity blocks, where intraplate seismicity occurs nearby. 
Discussion
Our Pn tomography model has mapped a clear velocity contrast of lithospheric mantle along 105°W: low velocity under the Rocky Mountains on the west and high velocity under the stable craton on the east (Fig. 3a) . Within the rigid CEUS, major seismic zones are found near the margins of very high-velocity anomalies: the NESZ is within the edge of the North American craton; the NMSZ is right on a very high-velocity block, while the significant earthquakes occurred at the southwestern edge of the block; the ETSZ, the CSZ, and the SOA all align along the boundaries of fast anomalies. In general, most of the large seismic events are located at the edge or just within the high-velocity anomalies in the CEUS. Interestingly, similar correlations have been found in some significant intraplate seismic zones elsewhere. For example, large earthquakes concentrated on the edge of the rigid Ordos Plateau in northern China (Pei et al., 2007) , and intense seismicity in the Kutch region, western India, also occurred on the margin of a high-velocity anomaly of lithospheric mantle (Kennett and Widiyantoro, 1999) . This observation is consistent with the notion that stress tends to concentrate in the rheological boundaries (Lowry and Smith, 1995) . When the lateral rheological variation of the lithospheric root is not considered, Li et al.'s (2007) numerical model predicts high deviatoric stresses around the margins of the thick cratonic lithosphere in the CEUS.
On the other hand, the intracontinental rifts show no consistent correlation with low-velocity anomalies (Fig. 3a) , contrary to common perceptions (Johnston and Kanter, 1990; Liu and Zoback, 1997) . The eastern leg of the MCR is underlain by a high-velocity anomaly, whereas its western leg is underlain by a low-velocity anomaly. The northern and southern ECR are underlain by low and normal velocities, respectively. The RR is associated with very high lithospheric velocity, contrary to some previous results (Al-Shukri and Mitchell, 1987; Liu and Zoback, 1997) .
Our Pn anisotropy image (Fig. 4) indicates stronger anisotropy in the Rocky Mountains (area a) than in the craton, and the fast direction generally follows the boundary at 105°W. This result is consistent with the idea that hotter and possibly weaker lithospheric mantle deforms more coherently than the lithospheric root underlying the cratonic regions. Within the CEUS, our anisotropy model shows a complex pattern with a generally north-south direction at a high angle to the direction of absolute plate motion (APM). It is consistent with the result of Marone and Romanowicz (2007) , who proposed that in the upper 200 km of the North American craton, the azimuthal anisotropy reflects a preserved fabric characteristic of the cratonic lithosphere.
The local variations of our anisotropy seem to correlate with the Pn velocity anomalies. The strong anisotropy in areas b and c (Fig. 4) occurs in the regions of locally relatively low velocities, and its fast direction wraps around the high-velocity blocks. Note that area b is on the edge of the NMSZ and the SOA; area c is between the NMSZ and the ETSZ. These patterns may indicate focused deformation around the rigid blocks, which could contribute to stress concentration and hence large earthquakes in the crust.
Conclusions
Using Pn travel-time data, we have constructed a Pn tomographic model that shows the lateral lithospheric velocity structure in the CEUS. The model does not support the perception that the ancient rifts in the CEUS correlate with lowvelocity anomalies, or weak zones in the lithospheric mantle. Based on the lack of spatial association between the ancient rifts and the major intraplate seismic zones in the CEUS, we suggest that the ancient rifts are not the primary factor causing the large seismic events in the CEUS. However, we found a strong correlation between the lateral velocity variations and the significant intraplate seismicity: the major seismic zones tend to occur near the edges of the high-velocity anomalies in the lithospheric mantle. This correlation may be explained by the stress concentration near rheological boundaries and the tendency of more rigid lithosphere to host large earthquakes.
Our Pn-anisotropy results also indicate focused mantle flow around the edges of the high-velocity blocks. Such mantle shearing may have further contribution to the stress localization and intraplate seismicity in the CEUS.
Data and Resources
Travel-time readings used in this study were collected from the ISC catalog available at www.isc.ac.uk and the NEIC catalog available at www.earthquake.usgs.gov/regional/neic. Waveform data were obtained from the IRIS Data Management Center at www.iris.edu. The NA04 velocity anomaly data came from Suzan van der Lee's personal website, www.earth.northwestern.edu/current/people/faculty/suzan/ na04.tar.gz. All of the figures were made using the Generic Mapping Tools (GMT) (www.soest.hawaii.edu/gmt; Wessel and Smith, 1998) .
